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SYMBOLS 

CHAPTERl 
A : the drift length of the carrier 
f.l : the mobility 

T : the mean free path 

E : the applied electric field 

CHAPTER 2 
R : the electron range 

E : the energy of the secondery electron 

EO: the incident X-ray energy 
Ek: the energy of the K-shell absorption edge 

x : the range of secondery electron 
(l : the dencity 

CHAPTER 3 
fO(E): incident X-ray spectrum 

f(E): absorbed X-ray spectrum 

f.l (E): absorption coefficient 

g(E): output X-ray spectrum 

k: K-shell absorption energy 
d : thickness of the material 

CHAPTER 4 

Vo : output voltage 

Ro : detector resistance 
Rf : negative feedback resistance 

Q) : detector capacity 
Ci : input floating capacity 

Ao : amplifier gain 

fc : cut-off frequency 
10 : input (irradiated) X-ray intencity 

I : output (penetrated) X-ray intencity 

1110 : transmissivity 
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CHAPTERS 
IO(E): irradiated X-ray photons 
I(E): penetrated X-ray photon 

I-l (E): absorption coefficient 

d : material thickness 

CHAPTER 6 
p(k): probability to produce a value k 

A : mean value 

A: variance 
f(x): probability density function 

N( A ,A ): normal distribution with the mean value A 
y : random number of the normal distribution N( A ,A ) 

x*: random number of the normal distribution N(O,l) 

X: contrast data (%) 

d : phantom thickness (cm) 

T : X-ray strength ratio 



1-1. Introduction 

CHAPTER 1 

In trod uct ion 

Reported here is the research and development carried out to 

confirm the feasibility of a linear array X-ray imaging sensor having the 

capability for "X-ray radiography with energy spectrum information". 

The measurement of the X-ray energy spectrum in addition to X­

ray intensity distribution from an object exposed to X-rays is very 

effective in obtaining valuable information on the characteristics of the 

object. This provides us with the compositional material property using 

the X-ray transmission. 

Up to now, various attempts have been made to obtain X-ray 

images directly by electron ic means without using X-ray film. The xenon 

ion chambers [1]-[2] having multi electrodes, compact scintillators [3]­

[5], and luminescent sheet have been investigated and applied to 

industrial and medical purposes. Recently, a new process called Digital 

Radiography have been developed using a digital image processing. 

However, no attempts to obtain energy information from the 

transmitted X-rays have been made so far. 

CdTe compound semiconductor radiation detector, that is 

selected for this study, is one of the answer to obtain "X-ray radiography 

with energy spectrum information". In this study those are described: 

selection of the detector material, fabrication of the CdTe X-ray 

imaging sensor, methods to obtain X-ray images having energy 

information, image processing using the energy information, and kinds 

of images obtained by using X-ray imaging system. 

1 



1-2. Overview 

Chapter 2 discusses the basic design for the application of the 

CdTe compound semiconductor radiation detector to the linear array x­
ray imaging sensor and also discusses the preparation of the detector 

element and the characteristics of the response exposed to the single 

energy y -rays(241Am). One unit of the CdTe crystal are composed of 32 

elements and has a size of 1 X 8 X 0.3 mm3
• The characteristics of the 

detector elements each having a pitch of 0.25 mm are measured and 

compared to the characteristics when using a single element having a 

sensing volume of 1 X 1 X 0.3 mm3
• The comparison of the physical 

parameter of the ranges of Si and CdTe and the behavior of K-shell 

characteristic X-rays are discussed. 

Chapter 3 presents the result of the X-ray energy spectrum 

measurement using one element of the 32 CdTe radiation detector 

elements exposed to the diagnostic X-ray source. The output spectrum is 

deformed because of the small size of the element. Errors caused by the 

escape of X-rays and by the energy dependency of the photoelectric 

absorption process are significant. The response function of the detector 

element to monochromatic 59.54 ke V 241 Am gamma rays is measured and 

by fitting the results to a calibration curve, a small size CdTe detector is 

proved to be able to detect X-ray spectra reliably. 

Chapter 4 presents the X-ray imaging sensor consisting of CdTe 

detector elements and the pulse counting circuit attached to each 

element. The circuit includes wide band amplifiers, discriminators and 

counters. Charge pulses are directly counted and separated into two 

energy regions. Digitized X-ray images containing energy information 

are obtained and two separated X-ray images of different energy can 

simultaneously be obtained. 

Chapter 5 presents the characteristics of the newly designed 512 
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detector elements and 0.2 mm pitch X-ray imaging sensor and X-ray 

radiographic system. An analytical feasibility study is done using the 

energy subtraction method to separate the components in the object and 

to determine the material component of the object. 

Chapter 6 describes about the contrast resolution of the X-ray 

radiography using a photon counting method. Using this method, it is 

cleared that the noise depends on only the fractuation of the X-ray 

photon flux while not significantly depend on the noise level of the 

amplifier. The contrast resolution is evaluated in two ways; one uses 

simulated digital images when considering the fractuation of the Poisson 

process of the X-ray photon generation, and the other is the measured 

digital images using this system and the contrast phantom .. 

Chapter 7 describes overall discussions and concluding remarks of 

this study. 
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CHAPTER 2 

Fabrication and characteristics of a CdTe submillimeter 

detector 

2-1. Introduction 

The CdTe detector element of the linear array X-ray imaging 

sensor is selected and designed basically. For making a full use of 

characteristics of CdTe compound semiconductor material, and 

attaining an X-ray spatial resolution of 2Ip/mm, a linear array radiation 

detector with an element pitch of 0.25 mm was prepared and examined. 

Then the characteristics of the energy resolution of one detector 

element were measured and compared with those of an single element. 

In addition, the radiation shielding grid was developed and utilized to 

solve cross-talk problems. 

2-2. Selection of CdTe compound semiconductor material 

Up to now, various attempts have been made to obtain X-ray 

images directly by electronic means without using X-ray film. Recently, 

a new process called Digital Radiography have been developed using a 

digital image processing. However, no attempts to obtain energy 

information from the transmitted X-rays have been made so far. The 

reasons for this could be attribu ted to (1) the insufficient photo-electric 

absorption efficiency in the detector elements, (2) the longer secondary 

electron ranges than that of the element sizes, resulting in a high energy 

loss due to escaping secondary electrons and thus putting difficulties in 

determining the exact energy information, (3) the cross-talk between 

neighboring elements and (4) the luminescent or the scintillation light 

escap ing from the element. 

Thus, it has been nearly impossible to establish a concrete concept 

of arrayed detectors from which an exact energy spectra of the incident 
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photons can be determined, and no attempts, even in their primary 

stage, have been made so far. 

On the other hand, the highest known energy resolution 

capability attainable by a cooled semiconductor radiation detector has 

been determined, and crystals operable at room temperature, typified 

by a high-purity silicon crystal, were recently reported although its 

characteristics were considered still inadequate [6]-[9]. 

However, a provision of the depression layer having an adequate 

thickness is nearly impossible with Si crystals at room temperature 

because of the comparatively low specific resistances of Si. With a 

limited Si thickness, the photo-electric absorption efficiency is too low 

and the energy loss from escaped secondary electrons is too high [10]. 

The above problems will be solved by employing a CdTe crystal 

which has higher absorption coefficients against X-rays and y -rays 

because of its large atomic numbers (Cd: 48,Te:52). Furthermore, owing 

to its high energy gap (Eg=1.47eV) and high specific resistance 

available at room temperature, stable CdTe detectors operating at room 

temperature have been developed [11 ],[12]. 

One of the inherent problems of CdTe is, however, that the holes 

created by radiation are trapped before they can reach an electrode 

because of their low mobility and short life time. The drift length A of 

the carrier can be expressed by A = f1, iE, where f1, is the mobility, and 

i is the mean free path of the carrier generated in the detector, and E 

is the applied electric field intensity. The val ue of A therefore must be 

larger than the thickness of the detector element. 

Since the product of f1, i for the holes in CdTe is 10-4 cm2/V, 

which is smaller by one order of magnitude than that for the electrons, 

this yields a condition of A = 1 cm when the electric field of E= 104V/cm 

is applied.Moreover,L must be less than 0.1 cm according to the Rule of 
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Thumb Condition, L = 0.1 A , required for the efficient electric charge 

collection at that electric field intensity. Thus, it is concluded that a 

CdTe crystal having a thickness of more than 1 mm is unrealistic, and only 

a substantially thinner crystal can be utilized as a pulse detector. 

The most important point is that the detector, which operates at 

room temperature, can be attained only by employing a semiconductor 

crystal of reduced dimensions which is also essential for attaining a 

higher spatial resolution. 

Although the problems already described still remam with 

submillimeter crystals designed for radiation energy analysis, the 

employment of CdTe crystal may solve these problems as long as the 

energy range of X-rays is limited to the range between 20 keY and 120 

ke V for industrial and diagnostic analysis. The reasons for this are 

attributed to (1) substantially high primary X-ray photon absorption, (2) 

efficient absorption of the secondary electron because of its high density 

and (3) the resultant small chances of cross-talk between elements. 

The linear array X-ray imaging sensor using a CdTe compound 

semiconductor is designed basically by using the parameters already 

described. The X-ray radiographic system is developed to estimate the 

characteristics of the CdTe X-ray imaging sensor and to obtain all digital 

radiographic images. A feasibility study is made using a photon counting 

method and energy subtraction method. Basic characteristics on output 

response caused by X-ray photons, energy separation, energy resolution, 

specific resolution and contrast resolution are measured and evaluated. 

Also, the feasibility of application to all digital X-ray radiography will be 

discussed. 
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2-3.Preparation of CdTe linear array detector 

In detennining the dimension of the elements for the application 

to X-ray radiography, the parameters shown below are taken into 

consideration. 

1) Array pitch of the elements. This is set at 0.25 mm in order to 

realize a spatial resolution of more than 2Ip/mm. 

2) The sensitive thickness of the crystal. This is set at 0.3 mm, 

considering the X-ray absorption efficiency, drift length of holes, and 

cross-talk between neighboring channels. 

The construction and the fabrication of the detector are described 

in the following. A Cl-doped CdTe single crystal with a specific resistance 

of let to 109 Q • cm supplied by RMD Co., is employed for the present 

experiment. The crystal is cut into 0.3-mm-thick wafers. Platinum­

patterned electrodes are then deposited on them by electroless plating 

after mirror polishing, and these wafers were cut into the plates of 

1(width)X8(length)X0.3(thickness) mm3
, as shown in Fig.2-1 (b), by 

means of a multiwire saw. A common electrode is deposited on one side 

of the surface, and the divided electrodes, each measuring 0.8 X 0.2 mm, 

are deposited on the other side. 

The individual resistance of the element is measured by the I-V 

method using a Hewlett Packard Mode14140B PA meter, and is found to 

have the specific resistance of the order of 1010 Q or 109 
Q . cm when the 

element is placed in an electric field of 3.3 kV/cm, with which a best 

charge collection efficiency can be obtained. 

In order to evaluate the changes in energy resolution and the 

effects of the peak of K-shell characteristic X-ray escape accompanied by 

miniaturized elements more exactly, a single detector with the size of 

1 X 1 X 0.3 mm3 as shown in Figure 2-1 (a) is fabricated by employing the 

same process, and its output characteristics are compared with those of 
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the linear array detector. 

2-4. Characteristics of the detector for y -ray spectrum 

The characteristics of a single element of the linear array detector 

shown in Figure 2-1 (b) is described in the following. Because of the 

effects of neighboring elements, problems which are not found in a single 

detector are encountered. 

The system employed for the single element evaluation is shown in 

Figure 2-2 (a) in which a negative voltage is applied to the common 

electrode of CdTe detector, and the output pulse from an individual 

electrode is amplified by a current amplifier. A spectral analysis is 

performed using the main amplifier (Ortec Model-571), the linear-gate 

stretcher (Ortec Model-542), and the pulse height analyzer (Ortec 

Model-7100). 

Figure 2-2 (b) shows the method for detecting the signals from a 

specified element. The measurement is conducted by grounding the 

elements of two neighboring elements giving equal input potential to 

both the amplifier and the neighboring elements, and the output of the 

specified element is connected to a current amplifier. 

Evaluation of detector characteristics is carried out by measuring 

the output pulse waveform and the pulse height distribution with 59.54 

keY y -ray C41Am) irradiation on the divided electrodes. Figure 2-3 

shows a typical output pulse waveform obtained using the current 

amplifier. 

A pulse width of 100 ns (FWHM) and pulse height of 250 mV are 

attained under an electric field of 3.3 kV/cm, and this pulse waveform is 

independent of the form of the detector. This means that the pulse 

waveforms are identical for linear array detector elements and a single 

detector which size is considerably larger than that of the linear array 
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detector elements. 

Figure 2-4 shows the pulse height distribution obtained by the 

above mentioned two types of CdTe detector, where the curves are 

normalized by the peak values. 

The spectrum obtained by a linear array detector element is nearly 

identical with that obtained by a single detector. However, the K-shell x­
ray escape peak obtained by a linear array detector element is larger than 

that obtained by the single detector. This is attributed to 1) an increase in 

K-shell X-ray escape due to the reduced sensible volume, and 2) an 

overlap of pulse counts due to re-absorption of the K-shell X-ray escape 

photons from neighboring elements. 
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( a ) 

O.25mm 

1.0mm 
( b ) 

Fig.2-1. Dimensional drawing of sensors used in the experiment, 

(a):l X 1 X 0.3 mm3
, (b):l X 8 X 0.3 mm3 and channel pitch: 

O.25mm. 
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Analys e r 

Fig.2-2 Experimental set up for spectroscopic measurement of 
single channel. Negative voltage is applied to the common 

electrode and two neighboring electrodes are grounded. 
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200 nsf div. 

50mV/div. 

Fig.2-3 Pulse form from a detector element. 
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Source: 241 Am(59.54keV) 
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Fig.2-4 Pulse height distribution of 241Am y -ray pulse height 

distribution detected by one of the linear array detector 
detector elements (solid line) and by a single detector 

(broken line). 
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2-5. Reduction of K-shell escape peak counts by providing radiation 

shielding grid 

The ratio of K -shell X -ray escape peak counts to the total counts is 

larger for the detector of a smaller element size. The X-rays which escape 

to the neighboring elements are reabsorbed therein and produce cross 

talks which lowers not only the accuracy of the pulse-height spectrum but 

also the spatial resolution. 

A proposed method to reduce this cross-talk is schematically shown 

in Figure 2-5 for the case of the linear array detector element wherein 

grids are provided as a radiation shield. These grids are provided on the 

incident side for the dual purpose; One is to prevent the irradiation on 

the boundary regions between neighboring elements, and the other 

purpose is to reabsorb the K-shell characteristic X-rays within the 

element itself to reduce the cross-talks with the neighboring directions. 

Since the average energies of K-shell characteristic X-rays of Cd 

and Te are 23.17 and 27.47 keY, respectively, and the linear attenuation 

coefficients of CdTe at these energies are 85.4 cm-1 and 168.5 cm-\ 

respectively, the cross-talks can be reduced to a half by providing a 50-

j.l m-thick dead zone. 

Figure 2-6 shows the geometry of the radiation source and 

radiation shielding grid, and the dimensions of the element exposed to 

the radiation. It also shows the y -ray irradiation width including a half­

shadow on the incident plane of the element from a radiation source. 

Considering the shielding effect, a O.5-mm-thick tungsten layer is 

employed as a shielding grid, which shows a transmissivity of less than 5 % 

for X- rays having the energy of less than 100 keY. 

The grids whose aperture is 0.15 mm (=a) for each element are 

arrayed at 1.6 mm (=13) from the element incident plane or the 

individual element electrode. The y -rays from 241Am (59.54 keY) source 
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which is placed 500 mm (=11) from the element are used to determine the 

irradiation width Xl including the half-shadow. The width of radiation 

transmitted through the radiation shielding grid is determined for a 7-

mm diameter y -ray source. From Figure 2-6, the irradiation width for 

the above condition is 0.18 mm, including the half-shadow. As a result, 

the effective shielded width is 0.07 mm for the elements arrayed at an 

electrode pitch of 0.25 mm. 
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Radiation 
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~ __ L 

Escape X-ray 

Radiation absorbed area 

Fig.2-5 Schematics of detector elements and a radiation shielding 
grid. 
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Fig.2-6 Geometry and calculation of the irradiated width to 
one detector element with a radiation shielding grid. 
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Figure 2-7 shows the effects of radiation shielding grid in terms of 

comparative changes of the pulse-height spectra. Figure 2-7(a) shows a 

spectrum using the radiation shielding grid, and (b), a spectrum without 

the grid. These spectra indicate substantial reductions of both X-ray 

escape peak counts and the crosstalk between neighboring elements 

caused by X-ray escape. A reduction of approximately 10 % is 

accomplished. 

Figure 2-7 (c) shows a pulse-height spectrum obtained usmg a 

single detector with a sensitive volume of 1 X 1 X 0.3 mm3
• This is nearly 

identical to (a) obtained by an element with a sensitive volume of 1 X 0.25 

X 0.3 mm3 employing the radiation shielding grid. 

As described before, the spectrum of low energy peaks for a single 

detector (c) contains only K-shell characteristic X-ray escape peaks of Cd 

and Te. The spectrum of low energy peaks for the linear array detector 

element contains two kinds of peaks: 1) K-shell characteristic X-ray peaks 

and 2) reabsorbed photopeaks of crosstalk X-rays. The main energies of 

the characteristic X-rays are 23.13 keY for Cd and 27.47 keY for Te, and 

the characteristic X-ray escape peaks are located at 32.07 keY and 36.37 

ke V, respectively. Considering the energy resolution of the detector, 

these peaks will be located at around 34 ke V. In the same way, re­

absorbed peaks of the crosstalk characteristic X-rays from neighboring 

elements will be located at around 25 keY. By providing the radiation 

shielding grid and limiting the irradiated area in each element, it was 

possible to reduce the low energy peaks from (b) to (a) by as much as 10 

%. Especially in the spectrum (a), it was found that 1)the reduction of 

characteristic X-ray escape peaks of around 34 keY was remarkable and 

2)there existed reabsorbed photo peaks of the crosstalk in the lower 

energy tail.. 
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Fig.2-7 Spectra of 241Am y -ray detected by (a) one of the 

arrayed elements with a radiation shielding grid 

referring to (b) that without the radiation shielding 

grid and (c) that obtained by the simple detector 1 X 

1 XO.3 mm3
• 
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2-6. Discussion 

The experimental results and discussions presented in the last 

paragraph demonstrated that the submillimeter CdTe detector 

submillimeter element (0.25 X 1 X 0.3 mm3
) formed on a crystal wafer has 

a spectral response to 241Am y -ray (59.54 keY). Further discussions to 

clarify the bases for this is given in the following. 

The points to be discussed are: 1) the average traveling range of 

secondary electrons in a CdTe crystal, and 2) the escape of K-shell 

characteristic X-rays out of the element. 

2-6-1 Range of secondary electron produced by the photo-electric effect. 

Primary interaction of a CdTe crystal with X-rays of less than 100 

ke Y is due to photo-electric absorption. The range of secondary 

electrons due to the K -shell photoelectric absorption of Si and CdTe is 

calculated for the energies of incident X-rays. 

The Katz-Penfold's empirical formula is applicable for deriving the 

electron range in the material employed in this case. 

R = 412XEn (mg/cm2
) (0.01MeY<E<3MeY) (1) 

n = 1.265 - 0.09540 X InE 

The energy of the secondary electron E produced by photo-electric 

absorption can be expressed as 

E = Eo-Ek (MeV) (2) 

where Eo is the incident X-ray energy and Ek IS the K-shell 

absorption edge. 

The range of secondary electron in the material, x (em), can be 

expressed by 
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x = R/ (l (em) (3) 

where (J is a density in (mg/ em3
). 

The secondary electron range for the incident X-rays having an 

energy of up to 140 ke V can be derived by applying Ek = 26.7 ke V and 

31.8 ke V for Cd and Te, respectively, and (J = 6.06 X 103 mg/ em3 in eqs. 

0),(2) and (3). The result is shown in Fig. 2-8, which shows that the range 

of the secondary electron caused by K-shell absorption of the incident X­

rays with an energy of 100 keY is 12.2 tl m for CdTe, while that for the 

silicon is 54.1 tl m. 

Therefore, CdTe IS advantageous in terms of the smaller 

probability of a secondary electron escaping out of the crystal as 

compared with the Si. As a consequence, CdTe is suitable for fabricating 

linear array detectors because the crosstalk caused by the secondary 

electrons escaping out of the crystal is less than that of Si. 

2-6-2 Absorption characteristics of K-shell X-ray in CdTe crystal 

Figure 2-9 shows a plot of the absorption of characteristic X-ray 

against the thickness of CdTe crystal using the above-derived values. If 

the characteristic X-rays produced in an element are absorbed in the 

same element, the pulse observed gives a full height and does not give a 

minor photoelectric peak. The thickness necessary to absorb the photon 

is calculated. The energies of the K-shell characteristic X-rays are 

E(Cd)=23.17 keY and E(Te) =27.47 keY. 

The thick solid line in the figure shows an average attenuation of 

both characteristic X-rays in CdTe crystal, and this shows that the 

thickness of CdTe which gives a decay of 50 % against K-shell 

characteristic X-rays is approximately 50 tl m. The range determination of 
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the radiation shielding grid shown in Section 2-4 is made on this basis. 

While the CdTe, though as thin as 50 fJ, m, can give a good 

absorption characteristics for the X-rays, the Si crystal can not. 

2-7. Conclusion 

For the purpose of obtaining an X-ray detector array capable of 

energy resolution, a minimal element on a CdTe single-crystal wafer was 

prepared and the energy characteristics were obtained. The size of the 

effective element prepared was 1 (length) X 0.25 (width) X 0.3(thickness) 

mm3 which provides a spatial resolution capability of 2 lp/mm along the 

array direction. A tungsten grid of 0.5 mm thick with an aperture of 0.5 

(length) X 0.15 (width) mm2 was attached to reduce escape counts and 

crosstalk. Fortunately, the physical constants of O.3-mm-thick CdTe are 

found to be optimum for the energy resolution of the diagnostic X-ray 

photons; the hole drift length is ideal for counter performance, and the 

X-ray photons and their photoelectrons can be sufficiently absorbed 

within this thickness. The resulting energy resolution for 241Am y -rays, 

which is the representative y -ray of the diagnostic energy range, is 12 % 

(FWHM). This suggests a future possibility of X-ray imaging together 

with the supply of more accurate energy information by means of the 

linear array CdTe detector. 
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Fig.2-8 The range of secondary electron produced by K-shell 

photo-absorption to the incident photons. 
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Fig.2-9 Absorption of characteristic X-rays against the thickness 

of CdTe crystal. 
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CHAPTER 3 

Measuremen t of X-ray spectrum using a linear array CdTe 

detector 

3-1. In troducti on 

X-ray imaging, uSIng pixels capable of representing energy 

information, has possibilities for diagnosis of the human body and for 

inspection of intricate machinery. A linear array CdTe detector with an 

array of small size elements was prepared, and the characteristics of the 

detector element were examined using monochromatic gamma-rays 

from 241 Am. The detector was subjected to an analysis of the spectral 

response to X-rays from a diagnostic X-ray source. 

Up to now, scintillation counters, semiconductor detectors and 

theoretical calculations have been used in a number of studies of the 

spectral measurement of X-rays. [1 ]-[7] For spectral analysis, large sized 

detectors, such as sodium-iodide scintilla tors, Xenon proportional 

counters, and Ge and Si semiconductors have been used; large Si 

detectors are known to give a good energy resolution; however, the 

measured spectral response must be compensated for the structure of 

the detector and the effect of scattering from the surrounding materials 

Kaufman [8] and Ortendahl [9] used small size HPGe, CdTe, and 

HgI-based semiconductors to evaluate the feasibility of producing RI 

images. Detectors of millimeter aperture size showed both the 

possibility for practical use and limitations of these devices. 

To our knowledge no work has been done with sub-millimeter 

detectors for X-ray rad iography. Monochromatic gamma-rays at 59.54 

ke V from 241 Am are detect able using individual elements of 0.25 x 0.3 x 

1.0 mm3 in a 32 element array giving an energy resol utions of 13.8 % 

FWHM. Unfortunately, the CdTe detector has a sub-peak extending to 

about 30 keY beyond the maIn photo-electric peak. Sub-peak 
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corresponds to the K-shell X-ray energIes of Cd and Te. In our 

measurements the intensity ratio (the area under the two spectral curves) 

of the X-ray escape peak counts to the total counts was 43% A correction 

for the sub-peak resulted in a reduction of this error from 43 % to 30 %. 

In spite of this correction the energy response of the small size detector 

has deformed characteristics, with a small sub-peak below the 

photoelectric peak. The results of those measurement were discussed in 

chapter 2. 

This chapter describes the spectral deformation of the small size 

detector exposed to X-rays having a continuous spectrum produced by an 

X-ray source. The deformation was due to several factors, the 

characteristic X-ray escape, the absorption and scattering by the element 

and the surrounding materials, and noise. In addition, a method for 

calibration of the deformed spectral characteristics is proposed, and 

some experimental results are presented. 

3-2. Experimental procedure 

The linear array detector used in this experiment was that of 

described in chapter 2-2. On the 32-electrode surface a radiation shield 

grid of tungsten sheet was mounted. The grid was mounted with a space 

of 1.6 mm above the detector element. One element of this array was 

chosen and examined. A current amplifier (ORTEC Model-571), a linear 

gate stretcher (ORTEC Model-542), and a multichannel analyzer 

(ORTEC Model-7100), were sequentially connected to the element. The 

electrode to the adjacent elements were grounded The X-ray source was 

a SIMAZU Model CIRCLE XP38D, and the array was placed at a point 

100 cm apart from the focus. 

As described in 3-1, an energy correction must be made for the sub­

peak characteristics for X-rays. The element was subjected to gamma-rays 

28 



of 241Am at 59.54 keY and the response function of the detector was 

recorded. The detector was set at a distance of 50 em from the 241Am 

source facing the 32- electrodes side to the source. The pulse obtained 

under these conditions had the FWHM of 30 ns, and the pulse height of 

250 mV for an applied voltage of 3.3 keY/em. Figure 3-1 shows an 

example of the result of spectral measurement: energy resolution of 13.8 

% for 59.54 keY gamma-rays, with the escape count ratio of 30 %. This 

value was utilized in our analysis of X-ray spectral response for the CdTe 

linear array detector. 

3-3.Correction strategy for flawed spectral response 

The spectral response of this CdTe detector has deformed 

characteristics as shown in Figure 3-1, where the K -shell escape peak is 

seen. 

The items causing the deformation include: 

1) The energy dependence of the photoelectric absorption of the 

detector material. 

2) The arrival of K-shell X-rays escaped from the adjacent elements due 

to the small-size of the element. 

3) The escaped photoelectron and the resulting shrinking of the photo­

peak owing to the small element size. 

4) Noise counts due primarily to Compton-scattered electrons. 
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30 



Figure 3-2(A) shows the energy dependence of the fraction of the 

number of absorbed photons (photoelectric process) to the number of 

incident photons for a 0.3 mm-thick element, calculated using the table 

of absorption coefficients. The K-shell absorption edges due to Cd and 

Te are seen to be around 30 keY. The element thickness is so small that a 

decrease in the number of photons absorbed can be observed for energies 

over 40 keY. Figure 3-2(B) similarly shows the energy dependence of the 

scattered or escaped photons to the number of incident photons. Curve 

(a) illustrates the ratio attributable to the escape of the characteristic X­

rays.(item 2) Photon escape occurs over the energy above the absorption 

edges of Cd and Te, resulting the crosstalk between the adjustment 

elements. The ratio is a constant over the above energy range and is 

about 0.3; this was obtained experimentally via 241Am gamma-ray 

exposure. Curve (b) shows the ratio of photo-electric events in which the 

photoelectron escaped out from the element, compared to the total 

number of photoelectric events (item 3). Curve (b) was obtained by 

comparing the range of the photoelectron in CdTe and the distances 

between the event points and the surfaces. The value obtained was fairly 

small, 2.5 % at 100 keY. Curve (c) is the ratio of the Compton-scattering 

events to the absorption events. It was obtained by using the absorption 

coefficient and the scattering attenuation coefficient of CdTe. As can be 

seen in the figure, the dominant factors affecting deformation are the 

energy dependence of X-ray absorption and X-ray escape. Item 3) and 4) 

mentioned above can be considered to be vanishingly small. Thus, 

ignoring the two minor factors, the dominant factors only was taken into 

account and the spectral response function was calculated. Putting the 

incident X-ray spectrum as fo(E), the absorbed X-ray spectrum f(E) 

becomes: 
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f(E) = fo(E){l-exp(-tt (E)d} (1) 

where E is the photon energy, tt (E) is the absorption coefficient. and d 

is the thickness of the detector element. Now the output X-ray spectrum 

generated by the detector element g(E) can be written corresponding to 

the photon energy regions as 

gl(E) = fo(E){l-exp( - tt (E)d} 

g2(E) = (1-A)fo(E){l-exp(-tt (E)d)} 

g3(E-Ek) = Afo(E){l-exp(-tt (E)d} 

(2) 

(3) 

(4) 

where K is the K-shell absorption energy (keV), A is the ratio of the 

escape counts to the total counts and d is the detector thickness. Figure 

3-3 shows a conceptual drawing of these equations. It may be noted that 

the spectral curve changes discontinuously at the K-shell absorption 

energy. The spectrum of the output count for E below K, as shown by (2), 

is governed by the element thickness. When E is larger than K, there are 

two possibilities: One is that the photoelectric absorption peak itself is 

being displayed and the other, that it represents the X-ray escape peak. 

The probability of the latter is A, whereas that of the former is (l-A).The 

output spectra are governed by the thickness multiplied by the above two 

probabili ty. 

Then the final output spectrum becomes 

gfin(E) = gl(E) + gz(E) + g3(E) (5) 

The curve from equation (5) is also drawn in Figure 3-3. This method of 

calculation was applied to the CdTe detector array, and the calculated 
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result is shown in Figure 3-4. The incident X-ray spectrum used in the 

calculation was that measured by Birch et al.l) The value A was 

experimentally obtained using the method shown in Figure 3-2(B); the 

result was A=0.3 for the total escapes of the absorption edges for 26.7 

keY (Cd) and 31.8 keY (Te). In the figure, the broken line is for the 

incident spectrum modified by the data obtained by Birch et al. The 

dotted line shows the absorbed spectrum by the detector of 0.3 mm thick; 

the solid line shows the output spectrum calculated by the equations, 

This spectrum, as observed by the equations, wholly shifts to the low 

energy side compared with the incident spectrum. 
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Fig.3-3 Conceptual drawing of the CdTe spectral response. 

35 



~I 
II 

/.-:: ....... , ,I 
( ',\ IJ 

I '- \ I~ 
\ \, 
\ \~ . 
\ 'I II Incldent photons 

\ II.. 1\ / \: \ 'I 
\I 'oj I 
" t 

~ , 
" \ "'x Absorbed photons 

\ " , ," 
/ Calculat:d detector ""'" " 

I responce. gr i n (E) ......', 
/ ~ ~- ' .... 

o 10 20 30 40 50 60 70 80 90 100 110 120 130 140 

Energy (keV) 

Fig.3-4 Calculated 0.3 mm CdTe detector response for X-rays from 

X~ray source: the source conditions are: applied constant 

voltage of 120 kV, target angle of 17 and with 2.5 mm AI 

filter (Bilch's conditions) 

36 



3-4. X-ray spectrum measurement 

Figure 3-5 shows the experimental results of the X-ray output 

spectrum obtained by our CdTe detector array. The X-ray source used 

was a Simazu CIRCLEX P38D of rotating tungsten target type with a 

target angle of 12° and a total filtration of AI 2.5 mm. The operating 

parameters are shown in the figure. A collimator was used to form the x­
ray into a fan-beam to minimize the scattering of X-rays from 

neighboring materials. The counting rate was 3 X 104 cps at the applied 

voltage of 120 kV and the current integration time of 8 sec. As shown in 

the figure, the experimental result coincides well the simulation result as 

a whole; Good coincidence is seen in the high energy region, whereas the 

output counts by the simulation are less than the experimental data in 

the low energy region. This minor difference in the low energy region 

may arise from the X-ray source geometry; the X-ray source described by 

Birch et al.and used in the simulation had a target angle 17° ,while the 

source used in the experiment was 12° . The reason is that; the target 

ungle becomes larger, the distribution of the X-ray generation points 

originated by Bremsstrahlung becomes near to the target surface and 

then lower energy X-rays generated in the target become easy to go out 

of the target. The fluence of the X-rays in the low energy region 

generated by the X-ray source having the target ungle of 17° becomes 

larger compared to those having the target ungle of 12° . 
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3-5. Discussion 

The results here concern about continuous X-rays from an X-ray 

source for medical imaging. The necessary requirement of a detector 

element to be used for X-ray imaging is that the element size be small; it 

should be less than 0.25 mm in width, or more than four elements should 

be arrayed per millimeter to realize an image resolution of 2 lp/mm. In 

this experiment, the size of the element was designated as 0.25 X 1 X 0.3 

mm3 to satisfy this requirement. We have investigated the characteristics 

of deformation generated by the CdTe detector. Four types of possible 

origins of the deformation were listed in the previous section and the 

evaluated results of these errors is shown in Figure 3-2 - Figure 3-4. The 

most dominant is the item 1) in chapter 3-3, the photoelectric absorption 

characteristics of the CdTe. The error caused by item 4), Compton 

scattering is below 2 % and can be neglected. Similarly, the error caused 

by condition 3), the escape of secondary electrons, is also small. The 

range of the electrons induced by photoelectric events are within 50 tt m 

and can be absorbed within the element. The deformation caused by 

photoelectrons indicates that the grid should be designed to prevent 

secondary electron crosstalk between adjacent elements. A grid width of 

about 50 tt m may be satisfactory, and the requirement for high element 

density in the array might be also satisfied. In the field of X-ray imaging, 

a rough energy separation method using a filter of high Z material is 

being studied, in which the image signals are separated into two energy 

zones, a high-energy zone and a low-energy zone. The difference signal 

between those of two zones can be used to form a new image that 

provides unique information. The detectors described in this report may 

give even more energy information, expanding the field of practical use 

of X-ray imaging. 
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3-6. Conclusion 

A CdTe detector array designed for X-ray imaging was examined 

about its X-ray energy response. We were able to clarify two major 

sources of deformation in the spectral response of the detector; one was 

the energy dependence of the photoelectric absorption process, and the 

other was the characteristic photon escape from the element. 

The results for their compensation which was experimentally applied to a 

CdTe detector array composed of very small elements were concluded to 

be practicable in the application of X-ray detection containing energy 

information. We expect that this technique can be applied to a new type 

of energy analysis of X-ray images. 

40 



References 

[1] R.Birch, M.Marshal and G.M.Adran HPA, Scientific Report Series 

30, London 1979 Catalogue of Spectral Data for Diagnostic X-rays 

[2] H.I.Israel, D.W.Lier and E.Storm "Comparison of Detectors used in 

Measurement of 10 to 300 keY X-ray Spectra" 

Nuclear Instruments and Methods 91 (1971) 141-157 

[3] R.Birch and M.Marshal "Computation of Bremsstrahlung X-ray 

Spectra and Comparison with Spectra Measured with a Ge(Li) Detector" 

Phys. Med. BioI., 1979, ViI.24, No.3, 505-517 

[4] Y.Kodera, H.P.Chan and K.Doi "Effect of Collimators on the 

Measurement of Diagnostic X-ray Spectra" 

Phi. Med. BioI., 1983, Vol. 28, No.7, 841-852 

[5] L.C.Baird X-ray Spectra Vs. "Attenuation Data: A Theoretical 

Analysis" 

Med. Phys., 8(3), May/June 1981 

[6] E.Storn, H.I.Israel and D.W.Lier "Bremsstrahlung Emission 

Measurement from Thick Tungsten Targets in the Energy Range 12 to 

300 kV (Sodium Iodide Scintillator, Germanium and Silicon 

Semiconductors), and Xenon Proportional Counter)" Los Alamos 

Scientific Laboratory Report LA-4624, UC-34, Physics, TID-450, 1971 

[7] L.Kaufman, S.H.Williams et al "An Evaluation of Semiconductor 

Detectors for Position Tomography" 

IEEE Trans Nucl Sci NS-26: 648, 1979 

[8] D.Ortendahl, L.Kaufman et al "Operating Characteristics of Small 

Position-Sensitive Mercuric Iodide Detectors" 

IEEE Trans Nucl Sci NS-29: 784, 1982 

41 



4-l.Introduction 

CHAPTER 4 

Energy Separation System 

X-ray radiographic images from conventional electronic detectors 

like scintillators or image intensifiers, are generally constructed from 

analog signals of integrated information of X-ray strength. In recent 

years a dual energy subtraction method has been developed utilizing 

Compu ted Tomography (CT) scanner detectors, Computed 

Radiography (CR) phosphor plates and Digital Chest photodiode 

arrays. [1],[2] Because of the poor energy resolution of these detectors, 

numerous methods have been developed to provide X-rays in two 

energy bands. For CT scanners, al temate low and high energies are 

obtained by switching the X-ray tube voltage. For CR plates, a copper 

plate is placed between two phosphor plates to provide two energy 

regions, and for Digital Chest arrays, two detector elements, consisting 

of low and high atomic number phosphors are used. [3]-[6] 

Output signals from semiconductor detectors described III 

preceding chapter are pulses induced by absorption of photons within 

the detector. Operation of these detectors in photon counting mode 

can provide a number of advantages over the systems described before. 

Firstly, high sensitivity and high signal to noise ratio can be obtained 

with these devices. Secondly, energy measurement of incident radiation 

is possible by using pulse height measurement techniques. A number of 

studies have been reported on the feasibility of constructing gamma 

cameras using HPGe, HgI2 and Cd Te semicond uctor detectors, [7]-[ 12] 

and these works have been extended to include X-ray camera and X-ray 

array detectors. [13] ,[14] It also has been shown that a CdTe 

semiconductor detector array is capable of obtaining simultaneous 
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images of X-ray strength in association with images of X-ray energy 

spectrum. It is possible to derive information about the composition of 

an object by comparing the variations in the spectrum before and after 

penetration of the object. 

In this chapter a linear array CdTe semiconductor X-ray imaging 

sensor is described. Descriptions of construction, counting circuit 

design an d basic characte ristics are inel uded. In addition, t he energy 

separation method is applied to experimental images and the 

advan tages of this technique are hi ghlighted. 

4-2.Photon counting method 

The most important problem in the application of pulse counting 

method to X-ray radiography is the requirement for the high counting 

rate requirements. Additional condition such as: (1) high impedance of 

the detector elements, (2) small output signal and (3) high speed 

response also make it difficult. 

To obtain a suitable preamplifier for CdTe semiconductor 

detector, the following approaches were investigated: 1) current­

voltage conversion and high impedance - low impedance conversion, 2) 

high-frequency amplification withou t gain decrease. 

The solution was to use a negative feedback circuit to create a 

high-speed preamplifier. Figure 4-1 (a) shows an equivalent circuit. Ro, 

Rf, Co, Ci refer to detector resistance, negative feedback resistance, 

detector capacity and input floating capacity respectively. Figure 4-1 (b) 

shows a circuit which realizes the equivalent circuit described in (a). A 

FET was used for the first stage. The output voltage of Vo is described 

in the following equation 
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FigA-l The negative feed-back circuit of the fast speed preamplifier, 

(a) shows the equivalent circuit of a sensor and an amplifier 

circuit and (b) shows a negative feed-back amplifier. 
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Vo = 1 

1 + bl + -1-) + jw (Co + Ci) 
AoRo Rf Ao Ao (1) 

In this equation, Ao )) 1 and generally Rf ((AoRo and, Vo IS 

described as follows: 

Vo = _ Rfi 
1 + jw (Co + Ci)Rf 

Ao 

I\'q= Rfi 
1 +.L 

fc 

fc- Ao 
- 2(Co + Ci)Rf 

(2) 

(3) 

(4) 

In equations (3) and (4), fc is the cut-off frequency. This circuit 

structure makes it possible to decrease the output impedance and to 

amplify the signal in the higher frequency region. An amplifier capable 

of operating up to 10 MHz was obtained with the circuit parameters: 

Co+Ci=5pF, Rf=10MQ, Ao=250. 

4-3.X-ray energy separation method 

X-ray energies are separable using the circuit shown in Figure 4-2. 

This circuit has 2 sets of discriminator and counter for each detector 

element. Output pulses are amplified and separated into two groups by 

discriminators 1 and 2. Applying low and high voltage to discriminator 1 

and 2 respectively, It is possible to perform simultaneous energy 

measurements. The discriminator 1 operates as a low level discriminator, 

and all pulses generated by X-rays are counted by counter 1. The 

discriminator 2 is for high level discrimination, and only X-rays of 
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sufficient energy are counted. 

Figure 4-3 shows the irrustration of the X-ray energy separation 

method. Dl and D2 are the setting level of the discriminator 1 and the 

discriminator 2 respectively. Figure 4-4 (a) shows a measurement of the 

total energy region S(L+H) above the level Dl and Figure 4-4 (b) shows a 

measurement of the high energy region S(H) above the level D2. A 

measurement of the low energy region only, S(L) is obtained by 

subtraction S(L + H)-S(H). 
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Fig. 4-2 Block diagram of X-ray energy separation circuit. 

Comparator-l and counter-l (the set 1) are able to count 

the whole energy range of X-ray photons over discrimi­

nation level Dl and the set 2 are able to count the energy 

range of photons over discrimination level D2. 

47 



(I') 
(E) 

r (a) E(Low+High) :z 
=> 
0 
u 

D 1 D 2 
(I') 

r 
(b) E(High) :z 

=> 
0 
u 

D 1 D 2 
(I') 

r (c) E (Low) :z 
=> 
0 
u 

Dl D 2 
X-RAY ENERGY 

(DISCRIMINATE LEVEL) 

Fig. 4-3 Illustrations of energy separation process: total energy 

range (a), high energy range (b), low energy range (c) can 

be measured respectively. 

48 



4-4.X-ray spectrum 

4-4-1.Measurement of X-ray spectrum 

To obtain X-ray energy spectrum, photon pulses induced by X-rays 

were counted with different discriminator levels. The spectra were 

obtained by subtraction of pulse counts of each discriminator level. Data 

were obtained under the following conditions. The X-ray source was 

operated at 120 kV constant voltage and 0.1 rnA constant current. 

Differential counts were calculated by increasing the discriminator level 

at 10 mV steps as in single channel analysis. Figure 4-4 shows the result of 

the X-ray spectrum measurement. In Figure 4-4, although tungsten 

characteristic X-ray peaks were not obtained in the spectrum because of 

the large discriminator voltage increments, the spectrum did show a good 

coincidence to an X-ray absorption spectrum for a CdTe detector 

element. This analysis confirmed that X-ray energy information can be 

obtained through the use of the different discriminator voltage levels. 
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4-4-2 X-ray energy separation 

Effective energies were measured uSIng the separation method 

described above. Copper plates with different thickness were exposed to 

X-rays and transmitted X-rays were detected by the X-ray imaging sensor 

having several discrimination levels. X-ray effective energies for each 

discriminator level were corrected by calculating the first half value layers 

obtained from attenuation curves of copper. 

Figure 4-5 shows attenuation curves of count number obtained 

with copper plate thickness varying from 0.1 mm to 2 mm (and 2 mm AI 

equivalent thickness to X-ray source). The low discriminator level was 

fixed at 0.36 V and the high discriminator level was varied from 0.41 V to 

0.48 V. The thick line shows the attenuation curve at the discrimination 

level of 0.36 V and this line indicates total absorption. The thin lines 

show attenuation curves for discrimination levels between 0.41 V to 0.48 

V. These lines indicate high energy levels. Dotted lines show attenuation 

curves for true low energy discriminator levels obtained by subtracting 

counts for high discriminator levels from those for low discriminator 

levels. 
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Fig.4-5 Attenuation curve of copper for various discriminator 

levels. D1 = 0.36 V and D2 = 0.41, 0.45, 0.48 V respectively. 

X-ray tube voltage was 120 k V. 

52 



Table 4-1 shows the effective energy values obtained from half 

value layers of copper for each attenuation curve. An effective energy 

was calculated using the half value layer. The transmission equation is 

described as follows. 

IlIa = exp{ -Il (E)x} 

Il (E) = In(l/Io)!x 

(5) 

(6) 

where 1/10 means a transmissivity and Il (E) means a thickness for 

copper.From the figure 4-5, the value x=0.030 (em) was obtained for 

1/10=0.5 and then Il (E) was calculated as 22.9 (em-I). Using the 

conventional data showing the relations between photon energies and 

absorption coefficients for copper, effective photon energy E was 

obtained as 50.0 (keV) at Il (E)=22.9 (em-I). Applying this method to the 

high discrimination level at 0.41 V, separated effective energies of 45.0 

keY and 54.5 keY were obtained for the separated low and high energy 

levels respectivelY.Applying this method again, separated energies of 

44.0 ke V and 60.5 ke V were obtained for the high discrimination level at 

0.45 V, and those of 46.0 ke V and 63.0 ke V were obtained for the high 

discrimination level at 0.48 V, respectively. 
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TABLE 4-1 

Effective energy calculated from First Half Value Layer 

(First HVL) using a copper filter 

Discriminator level 

L = 0.36 V 

H = 0.41 V 

H = 0.45 V 

H = 0.48 V 

Effective energy (cave) 

E(low + high) = 50.0 keY 

E(low) = 45.0 keY E(high) = 54.5 keY 

E(low) = 44.0 keY E(high) = 60.5 keY 

E(low) = 46.0 ke V E(high) = 63.0 keY 
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4-5. Radiographic measurement 

Radio graphic measurement was carried out in the case where a 

linear array detector was exposed to a fan beam of X-rays. Radiographic 

images were obtained by scanning the detector around the focus of the 

X-ray tube. The distance from the focus to the imaging sensor was 100 

cm. Applied tube voltage was 100 ke V and tube current was 4 rnA. The 

scanning speed was 5 rnm/sec and scanning pitch, 0.25 mm. A linear 

array detector of 256 elements (6.4 cm) were prepared and with 1024 

scanned lines, it produced simultaneously low and high energy 

radio graphs of 256 X 1024 pixels (6.4 X 25.6 cm). 

Specific resolution can be obtained by measuring the contrast of 

X-rays transmitted through the X-ray chart (Micro chart R-l) along the 

scanning direction. The X-ray chart is consisted of tungsten thin film of 

0.5 mm thick and has the slit patterns from 0.5 to 5 line pairs/mm. 

Figure 4-6 shows the output data of the X-ray chart contrast pattern of 

the X-ray chart along the scanning direction. The vertical axis shows the 

photon counts penetra ted the X-ray chart and the horizontal axis shows 

the position of the scanning direction. A modulation transfer function 

curve (MTF) was obtained by plotting the contrast data shown in the 

figure 4-6. Figure 4-7 shows the MTF curve where the spatial resolution 

of 2.5Ip/mm is obtained for the response value of 0.3. 
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Fig.4-6 Output data of the contrast pattern of an X-ray chart 

along the scanning direction 
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Figure 4-8 shows a radiographic image displayed on a CRT. Figure 

4-8 (a) shows a low energy image of a hand phantom, and (b), the tissue 

image and (c), the bone image. Images of (b) and (c) were obtained by 

calculating different energy image data using the energy subtraction 

method. 

4-6. Discussion and conclusion 

A linear array imaging sensor was developed using a miniature 

CdTe radiation detector. The advantage of using this radiation detector 

is the possibility of measuring the energy information of incident X-rays 

applying the photon counting method. The CdTe radiation detector was 

able to detect photon counts over a small sensing area of 0.5 X 0.2 mm2
• 

To realize digital X-ray imaging, the sensor needs the fast counting rate 

of X-ray photons. By developing a negative feedback circuit amplifier, it 

was possible to obtain a counting circuit of 10 MHz frequency band. 

Energy separation procedure was established using 2 . pairs of 

discriminator and counter for each channel. The detector was calibrated 

by measuring effective energies of separated X-rays. Results of spatial 

resolution test demonstrated the potential of using this setup as a 

diagnostic X-ray tool. Compared with conventional equipment, it has 

better response in low spatial frequency regions. This new type of X-ray 

imaging sensor using CdTe enables the simultaneous production of both 

photon counting images and energy information images. These results 

show that utilizing CdTe detector makes it possible to obtain new 

information on the composition of the object being examined. 
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Fig.4-8 Radiographic images: (a) shows a low energy images of 

a hand phantom, (b) shows a tissue image and (c) shows 

a born image. 
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CHAPTERS 

X-ray Imaging and its Energy Measurement 

5-1. Introduction 

CdTe detectors, described above, are able to convert X-ray or y­

ray photons into electric current pulse signals. The following advantages 

are obtained by counting X-ray photons: 1)high sensitivity and a high 

SIN ratio, 2)energy information on incident X-ray photons. By 

measuring the X-ray strength and X-ray spectrum being both irradiated 

and transmitted to an object, one is able to obtain the information on 

the material composition of the sample.[1]-[6] Because absorption 

coefficients for radiation energy are specific for materials, by separating 

X-ray energy into two ranges, high and low, and by comparing the 

incident and penetrated X-ray strength in these high and low energy 

regions, it is possible to identify the composition of the sample. 

In this chapter, an energy subtraction method is described; the 

former is how component materials of the object will be separated on the 

image using high and low ene rgy information, and the tat ter is 

concerned with the material component will be identified by calculating 

the subtraction parameter of low and high energy information. 

The CdTe X-ray imaging sensor is newly designed and improved to 

obtain the better spatial resolution to use an improved wide band 

amplifier for the pulse amplification. The characteristics of the new 

linear array CdTe X-ray imaging sensor and the feasibility study using 

high and low energy X-ray radiography are described in this chapter. 
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5-2. Energy subtraction method 

5-2-1.The principle 

The energy subtraction method is carried out uSIng the energy 

information of two energy regions penetrating an object composed of 

two materials 1 and 2 having thicknesses of Xl and X2. The penetrating 

strength of X-rays I(E) for the two energy regions, E1 and E2, are 

described as follows. 

I(EI) = Io(EI) exp{ -.u I(EI)XI-.u 2(El)X2} 

I(E2) = Io(E2) exp{-.u 1(E2)XI -.u 2(E2)X2} 

(1) 

(2) 

where Io(E) is the irradiated X-ray photons and .u I(E) and .u 2(E) 

denote linear absorption coefficients. Calculating the logarithm of 

equa tions (1) and (2), 

InIo(EI) - InI(EI) = .u I(EI)XI + .u 2(EI)X2 = S(El) (3) 

InIo(E2) - InI(E2) = .u I(E2)XI + .u 2(E2)X2 = S(E2) (4) 

where S(El) and S(E2) are 

S(El) = InIo(EI) - InI(EI) 

S(E2) = InIo(E2) - InI(E2) 

Solving equations (3) and (4), Xl and X2 are obtained. 

S(EI) .u 2(EI) 

Xl = S(E2) .u 2(E2) 

b.. 
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(5) 

(6) 

(7) 



f1, I(EI) S(EI) 

X2 = f1, I (E2) S(E2) 

D. 

IJ. I(EI) f1, 2(E 1) 
D. = f1, I(E2) IJ. 2(E2) 

5-2-2. Material anal ysis 

Equation (7) can be rewritten as follows, 

Xl = -1.. {f1, 2(E2)S(EI) - f1, 2(EI) S(E2)} 
D. 

= f1, 2(E2) {S(EI) _ f1, 2(EI) S(E2) } 
D. f1, 2(E2) 

= kl {S(El) _ f.,l 2(EI) S(E2) } 
f1, 2(E2) 

(8) 

(9) 

(10) 

Equation (10) represents a processed image which contains only 

the information of the material 1. The information about the material 2 

has been eliminated. This method which eliminates the information 

about a specific material from the obtained image, is called the energy 

subtraction method, since equation (10) has a form of subtraction of the 

high energy image from the low energy image. 

In the case that the materials 1 and 2 are known, the value f1, I(E) 

and f1, 2(E) can be previously determined. Even when the ma terials 1 and 

2 are not known, the capability of material identification is preserved 

since the parameter, f1, 2(EI) / f1, 2(E2), depends on the atomic number of 

the material 2. 
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5-3.Preparation of the CdTe linear array detector elements 

The size of the detector elemen t was chosen in order to obtain a 

specific resol ution of over 2.5 line pairs/mm (the same specific 

resolution as that of a conventional X-ray screen/film system) and a 

linear array detector was developed with a element pitch of 0.2 mm. 

Figure 5-1 shows a schematic diagram of the linear array detector. A 

CdTe single crystal ingot was sliced into 0.3 mm thick wafers. Linear 

array detectors were cut out after depositing divided electrodes on 

one side and common electrodes on the other side using electro less 

platinum plating. This linear array detector of 1 mm x 6.4 mm x 0.3 

mm3 size has 32 channel electrodes of 0.2 mm pitch. Two detectors of 

this type are mounted on the ceramic plate to form a 64 channel 

detector unit. 
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6.4 mm 

0.3 mm 

Imm 

Fig. 5-1 A schematic diagram of the CdTe array detector, which is 

1 mm (width) X 6.4 mm (length) X 0.3 mm (thickness). The 

detector has 32 divided electrodes of 0.2 mm pitch. 
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5-4. Photon counting method 

The main aim of the pulse counting method in X-ray radiography 

is to obtain a radiographic image in a short time. To design a suitable 

preamplifier circui t, the following points were specially attempted: 

1) To attain C-V conversion and impedance conversion simul­

taneously. 

2) To get the better high frequency response. 

A wideband negative feedback pre-amplifier having a frequency 

range of up to 30 MHz was developed. PETs and feedback resisters, 

making up a head amplifier for impedance conversion, were put apart 

from the pre-amplifier circuits and mounted near the detector elements. 

Figure 5-2 shows a photograph of the CdTe detector array units and 

head amplifiers. (a) shows the 64 channel array unit composed of CdTe 

detector elements, head amplifiers (PETs and feedback resistors) and 

flexible leads, and (b) is a magnified photograph of the CdTe detector 

elements covered with resin. Figure 5-3 (a) shows the 64 channel unit 

covered with a radiation shielding grid. Figure 5-3 (b) shows a magnified 

photograph of the radiation shielding grid. The radiation shielding grid 

was newly designed, especially to make the aperture size larger, and 

placed over the detector elements at a distance of 1.6 mm to prevent 

crosstalk from adjacent elements. The radiation shielding grid consists 

of 0.5 mm thick tungsten with an aperture size of 0.5 mm (length) X 0.15 

mm (width) for each channel. 
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(a) 

(b) 

Fig. 5-2 A photograph of the 64 CdTe detector elements and head 

amplifiers composed of FET chips and feedback resisters. 
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(a) 

(b) 

Fig 5-3 A photograph of the 64 array detectors covered with a 

radiation shielding grids. 
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5-5. Radiographic setup for X-ray energy separation 

Figure 5-4 shows a block diagram of the apparatus consisting of 

the X-ray imaging sensor, the counting circuit and the controller. 

Output signal pulses from the CdTe detector element are amplified and 

separated into two pulse height regions with two discriminators as 

described before. Counter 1 counts pulses of all X-ray energy regions 

and Counter 2 counts only those of high energy regions. 

Figure 5-5 shows a photograph of the circuit board consisting of 

the 64 elements CdTe detector unit, 64 channel amplifiers, 128 channel 

discriminators and gate arrays. These circuit boards are controlled by a 

SUN work station and data are initially stored in the buffer memory and 

then transferred to the WS and separated into low and high energy 

ranges. 

Figure 5-6 shows a photograph of an experimental setup to obtain 

X-ray radiography. The X-ray beam is fan-shaped and used to irradiate 

the object. The X-ray source and the X-ray imaging sensor are made up 

into a set and the sensor is scanned around the focus of the X-ray 

source. Using 8 circuit boards, the sensor has a linear array of 512 

elements. With one scanning, two different energy images from 512 

channels X 1024 lines (102.4 mmX204.8 mm) are obtained 

simu ltaneously. 
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Fig 5-4 Block diagram of X-ray imaging sensor. 
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Fig. 5-5 A photograph of a circuit board consisting 64 elements 

CdTe detector unit, 64 channel amplifiers and 128 discri­

mina tors and gate arrays. 
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Fig. 5-6 A photograph of the radiographic measuring apparatus 
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5-6. Experiments 

5-6-l.X-ray energy separation 

Effective energies for various discriminator levels were measured 

using a group of different thickness of copper plates. First, copper 

plates of different thicknesses were inserted between the X-ray source 

and the X-ray imaging sensor, and transmitted X-ray photons were 

counted. Second, halfvalue layers were calculated from the attenuation 

curve data for including copper plate thicknesses. Third, effective 

energies were obtained from measured first half value layers for each 

discriminator level. Figure 5-7 shows the attenuation curves. The 

horizontal axis corresponds to the copper plate thickness and the 

vertical axis corresponds to normalized values of measured photon 

counts. Attenuation curves were measured under conditions where the 

low discriminator voltage was fixed at 0.48 V and the high discriminator 

voltage was varied from 0.53 V to 0.83 V. 

Figure 5-8 shows the calculated effective energies. The effective 

energy corresponding to the lowest discriminator level was 53.0 ke V, 

indicating the effective energy of the total incident X-rays. Obtained 

effective energies were varied from 54.5 keY to 82.0 keY by varying the 

discriminator voltages. 
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the range of copper thickness with the discriminator level 

as a parameter. 
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5-6-2.Measurement of spatial resolution 

The spatial resolution is obtained from the modulation transfer 

function (MTF) curve. The MTF curve was drawn by measuring the 

contrasts of an X-ray chart at a distance of 100 cm from the focus of the 

X-ray tube, the spot size of which was 0.6 mm. Figure 5-9 shows a 

photograph of the X-ray chart displayed on the CRT monitor. Figure S­

ID shows the MTF curves in the direction of arrays of the X-ray imaging 

sensor and in the direction of scanning. As previously described, the 

MTF curves are different between the array direction and the scanning 

direction, because the shape of the effective detection area of one 

element is rectangular (0.15 X 0.5 mm2
). The spatial resolutions obtained 

were over 2.5 line pairs/mm for the array direction and 1.6 line pairs/mm 

for the scanning direction with a scanning pitch of 0.2 mm. 

There are two possibilities for the explanation of the differences 

of the specific resolutions between the array direction and that for the 

scanning direction. For the array direction, the resolution has larger 

value than that expected. The reason is that the Moire pattern effect is 

realized because of the digitally dispersed sampling. For the scanning 

direction, the resolution has smaller value than that expected, because 

the effective detection size of the detector element was longer than 

scanning pitch. When this X-ray imaging sensor is used, the MTF value 

in the low frequency region keeps at a high level compared with other 

conventional X-ray imaging systems, because the crosstalk of each 

element is smaller than those of the conventional X-ray imaging systems. 
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Fig. 5-9 A photograph of the X-ray chart. 
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5-6-3.Radiographic measurement 

Figure 5-11 shows radiographic Images of an experimental 

phan tom. The object phantom was a plastic toy air gun and covered with 

a thin metal plate. Radiographic data of 1024 X 1024 pixels was obtained 

by scanning twice with 512 elements. Figure 5-11 (a) shows the normal x­

ray radiography with low X-ray energy, (b) shows the image with plastic 

parts subtracted and therefore that of only the metal components., The 

Figure (c) shows the image of the plastic parts and the shape of the gun 

is clearly obtained. Figure 5-12 shows radiographic images of another 

experimental phantom. The object phantom was composed of acrylic 

resin for the face, titanium for the ears and the hat and aluminum for 

the ears, nose and mouth. Figure 5-12 (a) shows the normal x-ray 

radiography of the object phantom, (b) shows the image with the 

titanium hat subtracted, (c) shows the image with the acrylic face image 

subtracted. 

5-6-4.Material analysis 

As previously described in chapter 5-2, the subtraction parameter 

jl2(El) / jl2(E2), which is expressed in equation (10), reflects specific 

material about the object: that is proportional to the atomic number or 

if the material is a compound, it is proportional to the effective atomic 

number. In the energy range of 20-120 keY, the absorption coefficients 

come from the photoelectric absorption and the Compton scattering, 

and the contribution of the photoelectric absorption becomes larger in 

proportion to the atomic number. Figure 5-13 shows the relation 

between the subtraction parameter IJ,2(El) / jl 2(E2),and atomic numbers 

of materials. The horizontal axis shows the atomic number and the 

vertical axis shows the contrast ratios. The figure shows that the 

subtraction parameter for each material is proportional to that of the 

atomic numbe r. 
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Fig. 5-11 The radiographic images of an experimental phantom 

composed of a plast ic toy air gun covered with a thin 

metal plate. 
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Fig. 5-12 The radiographic images of an experimental phantom 

composed of acrylic resin, aluminum and ti tanium. 
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5-7. Conclusion 

Basic X-ray radiographical characteristics were examined using a 

newly developed X-ray imaging sensor composed of a CdTe compound 

radiation detector. This X-ray imaging sensor makes it possible to 

measure X-ray photons directly, and simultaneously obtain X-ray energy 

information. A feasibility study of the material identification was made 

using the energy subtraction method and found that the subtraction 

parameter tt 2(El) / tt 2(E2) was proportional to the atomic number or 

effective atomic number of materials constituting of the object. 
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CHAPTER 6 

Imaging quality of Digital Radiography 

6-1.1ntroduction 

X-ray images have usually been obtained using the X-ray film, 

the image intensifier and the imaging plate (IP). Recently, the 

techniques of the digi tization and processing of X-ray signal have 

been developed, and it can be used to digitally treat the image and 

then observe the it on a CRT display. However, the signals obtained by 

the ordinary sensing systems are analog signals which must be digitized 

using an analog-digital converter. 

In the field of nuclear science, RI images are measured using a 

scintillation camera and the photon counting method. In the early 

1970's, V.Perez-Mendez and S.N.Kaplan developed the multiwire 

proportional chamber and studied RI or neutron images using photon 

counting.[1]-[5] Recently, L.Kaufman and D.A.Ortendahl studied 

the feasibility of producing RI images using a semiconductor detector 

[6]-[9]. But in the field of X-ray radiography, there have been no 

studies of imaging digitally using the photon counting method or 

estimating the contrast resolu tion of the image. [10]-[ 13] 

A CdTe semiconductor radiation detector is very suitable to 

obtain digital signals with energy information and good spatial 

resolution because of the following reasons: 1) a high absorption 

coefficient, 2) operation at room temperature and 3) availability of 

small size element. Using the CdTe detector, the technology of all 

digital X-ray radiography containing X-ray energy spectrum 

information has been established and the following advantages are 

obtained. 

1) X-ray photons are directly counted and a high signal to noise ratio 

is attained. 
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2) X-ray images having X-ray energy information are simultaneously 

acquired. 

In discussing the Image quality of the X-ray radiography, the 

threshold contrast is one of the most important factors. It is important 

especially in medical applications such as the early diagnosis or 

treatment of the cancer. The size of the lung cancer in the early stage 

is as small as 5 mm in diameter, which has not been detected by the 

conventional diagnostic X-ray imaging system because of the pile-up 

of many kinds of noises. The factors of the origin of noises are 

categorized as, 

1) the fluctuation of the source X-ray photons, 

2) the Compton scattered X-rays generated from the obj ect, and 

3) the noise of the electric circuit. 

The problem is that the influence of the Compton scattered X­

rays has not been evaluated quantitatively because the measurement 

include difficulties. The amount of the Compton scattered X-rays 

generated from the object increases in proportional to the increase of 

the object thickness and the amount of those X-rays depends on the 

atomic number of the object. 

In this chapter, it will be shown that the Compton scattered X­

ray and the noise from the electric circuit can be eliminated by using 

the linear array detector and the photon counting method, which will 

resul t in an image with fluctuation of the source X-rays only. 

The eval uation testings to obtain threshold contrast were carried 

out in two ways; one is to observe the simulated contrast images using 

the Poisson random value displayed on a CRT, and another was to 

observe the contrast images obtained using a CdTe X-ray imaging 

sensor for the contrast phantom exposed to the X-rays. The 

evaluation results of the photon counting images and the contrast 

resol ution are described. The relation between average coun ts of X-
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ray photons detected by the detector element and contrast resolution 

was then estimated. 

6-2. Simulation of threshold contrast 

6-2-1. The method of simulation 

Generally, the random event of the decay probability of a 

radioisotope or the generation probability of X-ray photons can be 

described by the Poisson process. In this manner, the timing fluctu­

ation of the X-ray photons generated from the X-ray source are 

determined. The deviation noise contained in the image can be 

defined by adding the Poisson random number to the average counts 

of each pixel in the image. 

The Poisson distribution is described as follows, 

e-l l k 
P(k) = 

k! (1) 

where P(k) is the probability to produce a value k and l is the mean 

value. For the Poisson distribution, the mean value and variance are 

eq ual to l, and P(k) in equation (1) is described by only the l 

parameter. When l becomes larger, the P(k) distribution can be 

approximated by the normal distribution. The method to obtain the 

random numbers of a normal distribution id described as follows. 

Suppose f(x) is a probability density function. 

f(x) = {~ 
x<O,,X>l (2) 

If the expected value of the random variable is E(x), then E(x) is 

able to describe as the continuous type. 
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E(x) = i: xf(x)dx 

The variance of the equation (4) is calculated. 

=-.L 
12 

(3) 

(4) 

Using the central limit theorem, the sum of the independent 

random values asymptotically approaches a normal distribution 

N( tl ,0 2
), and x given by equation (5) has the normal distribution 

N( tl , 02/n) 

n 
x = 1 1: Xi 

n. 1 1= (5) 

As the mean value and the vanance of f(x) are 0.5, 1/12, 

respectively, x * is defined by equation (6). under the condition of 

mean value tl = 0 and variance 0
2 = 1. 

* x = 
12 
1: xi - 6 

i=1 (6) 

The first term on the right side follows the normal distribution 

N(6,1). The distribution of x* then follows the standard normal 

distribu tion N (0,1). 

A random number y of normal distribution N( A, A ) is described 

by eq uation (7), 
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y=~x*+ A (7) 

where x * is a random number of normal distribution N(O,l). Thus the 

random number y of the normal distribution N( A , A ) is obtained from 

the random number of normal distribution N(O,l). In the field of 

radiography where A >1000, Poisson distributions are nearly equal to 

the normal distributions. Here, the random numbers of normal 

distribution N(A, A) without periodicity were obtained by 

substituting random numbers for xi in equation (6) using basic IBM 

software. 

6-2-2. Method of contrast simulation 

The contrast data of the simulated Images IS described by 

eq uation (9). 

x = a - A x 100 
A 

(9) 

where X denotes the contrast data (%), a means image pixel data 

(counts) and A means background display average image data 

(counts). The value for each pixel is calculated when A and X are 

defined. For example, a = 1030 is obtained when A = 1000 and X- 3 

(%). These image data have the noise which follows these normal 

distributions of N( A , A) and N(a,a). 

Figure 6-1 shows the simulated contrast image displayed on a 

CR T having 1024 X 1024 pixels. It is designed to obtain 21 areas of 

these contrast images; 7 dIfferent sizes ranging from 1 Xl mm2 to 20X 

20 mm2 and 3 different contrasts are selectable. The mean value A was 

selected among three values, 103
, 5 X 103 or 104

• Contrast data were 

selected among five parameters of 0.3, 0.5, 1, 2 or 3 %. Estimation was 
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done uSIng the following two points; 1) recognition of the square 

shape, and 2) recogni tion of the existence of the contrast. 
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Contrast 
X1% X2% X3% 

Size 

mm 
2 mm a a c 

3 mm 0 0 0 

5 mm 0 0 0 

10 mm 0 0 0 

15 mm D D D 

20 mm D D D 

Fig. 6-1 The simulated contrast image displayed on a CRT having 

1024 X 1024 pixels. 7 different sizes ranging from 

1 X 1 mm2 to 20 X 20 mm2 and 3 different contrasts are 

selectable. 
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6-2-3.Evaluation of simulation quality 

a) Confidence in the simulation data 

Table 6-1 shows the comparison of the data of ideal standard 

deviation and simulated standard deviation for several mean values. 

Images were displayed with the contrast data of 1,2 and 3 % for l 

= 103
, 0.5,1 and 2% for l =5 X 103

, and 0.3, 0.5 and 1 % for l = 104
• 

Simulated values were estimated on the basis of the standard 

deviation of the simulated noise for one scanning line data of 1024 

pixels from the average counts l. Table 6-1 shows that the standard 

deviations of the ideal values and the simulated values are nearly 

eq ual to each other. 

b) Analysis of the data using a plotter 

The threshold contrast for the recognition was examined by plotting 

the data in the horizontal direction and the vertical direction using a 

plotter. Figure 6-2 shows the data in the horizontal direction for l =5 

X 103
; a) shows the contrast pattern data for 20 X 20 mm2 patch in the 

array direction and b) shows the data using a smoothing filter. Figure 

6-3 shows the contrast pattern data in the vertical direction for l =5 

X 103
; a) shows the 2 % contrast pattern data for each size in the 

vertical direction, and b) shows the data using a smoothing filter. It is 

difficult to extract the contrast pattern in such a noise without using a 

smoothing filter. Table 6-2 shows the mean values (counts) and the 

standard deviations being able to recognize the contrast pattern for 

the 20 X 20 mm2 size. 
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TABLE 6-1 

The standard deviations of the ideal and simulated val ues 

Mean value Standard deviation (ideal) 

UP 3.3% 
5x103 1.4% 

104 1.0% 

TABLE 6-2 

Standard deviation (simulated) 

2.9 - 3.2% 
1.3 - 1.4% 
0.9 -1.0% 

The values which were able to recognize the contrast 

pattern for the size of 20X 20 mm2
• 

mean value without filter 

3% 
2% 
1% 
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with filter 

2% 
1% 

0.5% 
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(a) (b) 

Contrast (%) Contrast (%) 

0.5 1.0 (I) 0.5 1.0 2.0 .j.J 

~. 
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5000 :::J 5000 0 
u 

o~------------------~ o~------------------~ 

a 500 
Channels 

1000 a 500 
Channels 

Fig. 6-2 The data in the array (horizontal) direction for A = 5 X 103
• 

a) shows the contrast pattern data for 20 X 20 mm2 patch and 

b) shows the data with a smoothing filter. 
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(a) 

Pattern Size (mm) 

1 23 510 15 20 

10000 

(b) 

Pattern Size (mm) 
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~ 5000~~~~~~~~)~·~~~ ~ 5000 1--__ --","-4 _,,--'.c--r~_..,:/<,~""-

U U 

O'-------------~ OL------
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Fig. 6-3 The data in the scanning (vertical) direction for A = 5 X 103
• 

a) shows the 2 % contrast data for each pattern size and 

b) shows the data with a smoothing filter. 
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c) Threshold contrast of the images displayed on a CRT 

The images were displayed under the following conditions. The 

mean val ue A was set at the center of the brightness of the CRT, while 

the maximum and the minimum values of the brightness of the CRT 

were varied from+ 5 % to + 50 % different from the center value of 

the brightness. Figure 6-4 shows the photograph of the contrast image 

displayed on the CRT; a) shows the image displayed when the 

maximum and the minimum val ues of the brightness are varied + 25 % 

from the center val ue, and b) shows the image when the maximum and 

the minimum values of the brightness are varied + 5 % from the center 

value. Threshold contrast was measured using the contrast pattern 

recognition for each contrast image size. The measure men t of the 

threshold contrast was performed by five persons. 

Figure 6-5 shows the threshold contrast being able to recognize 

the shape of the pattern. Comparing the size for the case of the size 5 

mm square, the con trast of 1 % for A = 104
, the contrast of 2 % for A 

=5 X 103 and the contrast of 3 % for A = 103 were recognized in each 

simulated noise level. These values agreed with the standard deviation 

of the mean value. This shows that the square contrast can be 

recognized in the case that the contrast value is larger than the value 

of the standard deviation of the fluctuation of the photon counts. 

Figure 6-6 shows the threshold contrast at which the existence of 

the contrast pattern can be recognized. Comparing the threshold 

contrast for the size of 5 mm square, 0.3% for A = 104
, 0.5 % for A =5 

X 103 and 1 % for A = 10' were recognized. These threshold contrast 

data correspond to the value with one-third of the values of the 

standard deviation. The results shows that for photon count images, 

the contrast is one-third of the deviation of the photon counts. 
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(a) 

(b) 

0.5 % 1% 2% 

Fig.6-4 Photographs of the contrast image displayed on the CRT. 

a) shows the image displayed when the maximum and the 

minimum values of the brightness are varied +25 % from 

the center value, and b) shows the image when the maximum 

and the minimum values of the brightness are varied + 5 % 

from the center value. 
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A = 103 

5.0 
A =5 x 103 

3.0 
,-...., 

2.0 A. = 104 
~ 
'-" 
~ en 
«S 1.0 L 
~ 
C 
0 u 0.5 

0.3 

0.1 
1 2 3 5 10 20 

Pattern Size (mm) 

Fig. 6-5 The threshold contrast being able to recognize the 

pattern shape. 
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0 0.5 0 u 

A =104 

0.3 

0.1 
1 2 3 5 10 20 

Pattern Size (mm) 

Fig. 6-6 The threshold contrast at which the existence of the 

contrast pattern can be recognized. 
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6-3. Experiment of contrast threshold 

6-3-1. Preparation of the contrast phan tom 

Considering the simulation experiment data already described, 

contrast image sizes smaller than lOX 10 mm2 were necessary to 

measure the threshold contrast. The contrast phantom designed for 

the experiment has a combination of patterns having the area size 

ranging from 1 Xl mm2 to lOX 10 mm2 and the contrast ranging from 

0.3% to 3 % as shown in figure 6-7. The thickness of the contrast 

pattern of the phantom was designed using the following equation 

(9). 

I = 10 exp ( - tl d) 

T = 1/10 = exp (-tl d) (9) 

In the equation, 10 means the incident X-ray strength, I, the 

penetrated X-ray strength, tl, the linear absorption coefficient of the 

phantom material and d means the thickness of the contrast area of 

the phantom. d is obtained for the desired X-ray transmissivity T. The 

thickness d for each contrast area was obtained using the following 

parameters; voltage applied to the X-ray tube is 120 ke V, effective 

energy of X-ray photons is 60 ke V, and the absorption coefficient of 

the phantom material MIX-DP is 0.197 cm-1 for the effective energy of 

60 ke V. Table 6-3 shows the calculated results of d. 
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Fig. 6-7 The design of the contrast pattern 
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TABLE 6-3 

The calculated value of the transmissivity of the contrast pattern 

Contrast (%) 

0.3 
0.5 
1.0 
2.0 
3.0 

Transmissivity T 

0.997 
0.995 
0.990 
0.980 
0.970 
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Phantom thickness d (mm) 

0.153 
0.254 
0.510 
1.026 
1.550 



6-3-2. Experimental procedure 

The radiographic system used in this experiment was shown in 

figure 5-6. The X-ray source was operated in the direct current mode. 

The contrast phantom was exposed to and scanned by the X-ray beam 

which had a fan beam shape of the 3 mm width. The distance between 

the focus of the X-ray tube and the X-ray image sensor was 100 cm, 

and the distance between the image sensor and the contrast phantom 

was 5 cm. The radiographic images were obtained under the following 

conditions; applied voltage 120 keY, applied current 4 rnA, sampling 

pixels 1024 X 1024 pixels, sampling area 204.8 X 204.8 mm, the 

sampling time of one scan 16 msec. The average X-ray photons 

counted by the X-ray image sensor was controlled by adjusting the 

background thickness of the phantom material to 5, 55 and 105 mm. 

Threshold contrast is largely affected by the scattered X-rays 

generated from an object. Generally, when a two dimensional sensor 

like a film/screen system is used, the amount of the scattered X-rays 

increases in proportion to the thickness of the obj ect, and the contrast 

becomes worse. The amount of the scattered X-rays was estimated 

from the comparison between contrasts: 1) with and without the fan­

beamed X-rays, 2) with and without the X-ray grid. 

Figure 6-9 shows the ratios of the scattered X-rays compared to 

the primary X-rays for the two combinations of the shape of X-ray 

beam and the existence of the grid. When the fan -beam X-rays and the 

X-ray grid were used, the detectable scattered X-rays was negligible 

small or nearly equal to zero and only the primary X-rays were 

detectable. (a) shows the data without using a fan beam of X-rays and 

the X-ray grid, and (b) shows the data without using the fan beam of 

X-rays and with the X-ray grid. The ratios of the scattered X-rays for 

the phan tom of 10 cm thickness are about 25 % for (b) and about 83 % 

for (a) compared of the primary X-rays. These results show that by 
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using an X-ray fan beam and a linear X-ray imaging sensor with the X­

ray grid, X-rays penetrating through an object are free from scattered 

X-rays. The number of penetrated X-ray photons is then able to be 

precisely controlled with changing the thickness of the phantom. 
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Fig. 6-9 The ratio of the scattered X-rays to the primary X-rays 

compared to the data using the X-ray fan beam and the 

X-ray grid. (a) shows the data without using the fan beam 

and the X-ray grid, (b) shows the data without using the 

fan beam X-ray grid. 
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6-3-3. Recognition of the contrast 

Figure 6-10 shows an example of the contrast phantom image 

using the 5 mm thick phantom and having mean value of X-ray photon 

counts of 8,500. The images were displayed under the following 

conditions. The brightness corresponding to the mean value 8,500 was 

set at the center of the brightness of the CRT, while the maximum and 

the minimum values of the brightness were varied. Figure 6-10 (a) 

shows the image at the brightness corresponding between 5,000 and 

12,000 counts for the minimum and the maximum value, and (b) shows 

the image between 7,500 counts and 9,000 counts for the minimum 

and the maximum value. Measurement of the threshold contrast was 

performed under the best conditions with the maximum and minimum 

counts adjusted. 

Figure 6-11 shows the results of the measurements at three 

different photon counts. The photon counts were 8,500 for the 5 mm 

thick phantom, 4,500 for the 55 mm thick phantom and 900 for the 105 

mm thick phantom. The following three remarks maybe pointed out. 

l)Threshold contrast was linear in the log-log scaling smaller than the 

size of 4X4 or 5 X 5 mm2
• 

2)Threshold contrast was proportional to the X-ray photon coun ts but 

not proportional to the size larger than that of 4 X 4 or 5 X 5 mm2
• 

3)For the size of 5 X 5 mm2
, the threshold contrast corresponds to one­

third of the standard deviation of the background counts. 
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(a) 

(b) 

Fig. 6-10 An example of the contrast phantom image when the 

phantom of 5 mm thick and l = 8,500 counts are used. 
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Fig. 6-11 Threshold contrast at three different photon counts 
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6-4. Conclusions 

In this chapter, to evaluate the threshold contrast of the X-ray 

radiography using the X-ray photon counting method, the following 

two approaches were attempted. First, the threshold contrast of the 

simulated image using random count noise was evaluated on a CRT 

display. Second, threshold contrast of the radiographic images were 

evaluated using the CdTe semiconductor X-ray imaging sensor and 

the contrast phantom. Simulated data and measured data agreed 

each other very well in the following points: 1 )the granulari ty or the 

radiographic mottle of the noise pattern of the background images, 

2)statistical property of the noise, 3)the contrast for both image at the 

same level. 

Generally speaking, the threshold contrast is equal to the 

standard deviation of the noise level from background counts. The 

results reported in this paper, however, show that the threshold 

contrast depends much on the size. When comparing the threshold 

contrasts for the 5 X5 mm2 pattern area size, threshold contrast are 

lower than one-third of the standard deviation for average photon 

counts. These results are some what different compared to the results 

generally reported. The reasons are described as follows; 

1) With a fan beam X-ray and linear X-ray imaging sensor, the 

radiographic image was obtained free from the scattered X-rays 

generated from the object. 

2) X-ray photons are counted directly free from analog noise in the 

measuring circuit. 

By using the linear X-ray imaging sensor and X-ray photon 

counting method, it is also possible to quantitatively evaluate the 

radiographic image and measure low contrast radiographic images. 

These experiments were carried out under conditions such that 

the locations of the contrast areas were fixed and the observer who 
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evaluated the image knew these locations. It will be necessary to carry 

ou t more correctly a recognition of contrast (ROC) study using 

random locations of the con trast area. 
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CHAPTER 7 

Summary and conclusions 

The purpose of this study is to realize "X-ray radiography giving 

energy spectrum information". The conventional X-ray screen/film 

syste~ the X-ray TV using an image intensifier and the Computed 

radiography (CR) offer us only the information about the X-ray 

in tensity that has penetrated through an obj ect. To obtain the 

information about the energy spectrum is the situation similar to 

having a color picture. In the field of photography, changing a 

monochromatic image to a color image provides us with more 

information about the object. In the field of radiography, by 

incorporating the energy spectrum information, we are able to obtain 

not only the intensity information proportional to the thickness of the 

object but also the information about the composed materials. In 

other words, we are able to obtain both conventional radiographic 

images and material images simultaneously. 

To obtain the energy spectrum information, CdTe 

semiconductor radiation detectors were used to separate the 

irradiated X-ray energy. For the design of the X-ray imaging sensor 

and its instrumentation, the following studies were needed:l) smaller 

detector elements to achieve the same spatial resolution as the X-ray 

film/screen system 2) the X-ray photon counting, the pulse height 

separation technology. 

The research started on the CdTe semiconductor elements and 

its fablication of the X-ray imaging sensor, the radiographic 

apparatus, the X-ray energy separation method, and the image 

processing moreover including the energy subtraction method were 

developed. The image quality, spatial resolution and threshold 
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contrast of the photon counting X-ray radiography must be evaluated. 

The major contributions of this study are summarized as follows. 

1. (Chapter 1) 

The basic principle here for realizing "X-ray image giving energy 

spectrum information" and the physical basis for selecting the CdTe 

compound semiconductor detector as well as its characteristics are 

discussed here. It is concluded that the CdTe detector is suitable as an 

X-ray imaging sensor due to its high spatial resolution and sub­

millimeter thickness. 

2. (Chapter 2) 

To realize the energy separation with high sensitivity and high 

spatial resolution, the proper size of a detector element and the 32 

channel detector array are determined to be 0.25 x LOX 0.3 mm3 and 

8.0X LOX 0.3 mm3
, respectively. When the response for single energy 

y -rays is measured, the smaller the detector size is, the larger the X­

ray escape peak counts are. By using a newly designed X-ray shielding 

grid, which is able to limit the sensitive area and avoid the escape X­

rays from the adjacent elements, the response spectrum become better 

and resemble to a large single detector. An energy resolution of 12 % 

(FWHM) and an X-ray escape peak ratio of 30 % are obtained for 

241Am y -rays (59.54 keY). 

3. (Chapter 3) 

Because of the small size of the detector element, the output X­

ray energy spectrum is deformed from the irradiated X-ray energy 

spectrum. Using the response function for 59.54 keY y -rays and the 

absorption coefficient for the CdTe detector thickness, the response 

to X-rays is calculated, and the response spectrum is found to closely 
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resemble to the measured X-ray spectrum using the CdTe detector 

elements. 

4. (Chapter 4) 

A pulse counting circuit and an energy separation circuit are 

both designed and prepared. The X-ray energy spectrum is obtained by 

changing the discriminator level step by step and differentiating each 

counts. The X-ray energy separation is realized and the effective 

energies are calculated using copper plates with differen t thicknesses 

and measured half-layer values. 

5. (Chapter 5) 

The X -ray imaging sensor and the counting circuit are developed 

and measure men ts are carried out. 

Specific resolutions of 2.5 lp/mm in the array direction and 1.6 

lp/mm in the scanning direction are obtained for the effective 

detection area of 0.5 X 0.15 mm2
, channel pitch of 0.2 mm and the 

scanning pitch of 0.2 mm. 

By using the energy separation method, high and low energy 

images are obtained simultaneously. The image of the material 

composing the object is canceled from the image using the energy 

subtraction method. 

A new evaluation method using the data of the "subtraction 

parameters" which means absorption coefficient ratio is applied to 

determine whether these parameters are proportional to the atomic 

number or the effective atomic number below a value of 30. This 

evaluation method demonstrates the ability to identify the material 

composing the object. 
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6. (Chapter 6) 

The photon coun ts is used to evaluate the threshold con trast of 

the X-ray radiography on the basis of both simulation and experiment. 

In the simulation, random photon numbers having a Poisson 

distribution are used. The deviation from the average number is set to 

have the Poisson distribution. A contrast phantom is newly designed 

and the radiographic images are measured and evaluated. 

The following two conclusions are obtained. 

The fan beam X-ray and shielding grids eliminated the scattered 

component from the X-ray image. 

The threshold contrast is recognized at 1/3 of the standard 

deviation of the average photon number A for an area of 5 x5 mm2 

square. 

7. (Chapter 7) 

In this chapter, the conclusion through this thesis is described. 

X-ray radiography is described covering through the selection of the 

detector material to the development of the radiographic imaging 

instrumentation. Because of the wide range of the counts, the 

individual analysis or the results of the experiments are not fully 

described. The main objective is to obtain "X-ray radiography giving 

energy spectrum information" as described. It is concluded that the 

combination of the X-ray imaging sensor, composed of the CdTe 

compound detector, and the imaging instrumentation incorporating 

the function of photon counting and energy separation provide us 

with the best solution. It is very happy for us that this thesis will give a 

view to the application of the CdTe radiation detector to the next 

generation of the X-ray radiography. 
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